Abstract: Negative curvature fibers have been gaining attention as fibers for high power infrared light. Currently, these fibers have been made of silica glass and infrared glasses solely through stack and draw. Infrared glasses' lower softening point presents the opportunity to perform low-temperature processing methods such as direct extrusion of preforms. We demonstrate an infrared-glass based negative curvature fiber fabricated through extrusion. The fiber shows record low losses in 9.75 -10.5 µm range (which overlaps with the CO 2 emission bands). We show the fiber's lowest order mode and measure the numerical aperture in the longwave infrared transmission band. The possibility to directly extrude a negative curvature fiber with no penalties in losses is a strong motivation to think beyond the limitations of stack-and-draw to novel shapes for negative curvature fibers. fibres with large photonic bandgaps for CO 2 laser transmission," Nature 420(6916), 650-653 (2002).
Introduction
The ability of hollow-core fibers to transmit light through air has been a source of much interest for routing high power lasers, routing multiple wavelength bands and signals with wide bandwidth [1] . Beyond metal coated capillaries [2] , a new class of hollow-core antiresonant fibers has been gaining attention based on their geometrical simplicity [3, 4] . These "negative curvature" fibers, have consisted mostly of a hollow core surrounded by a circular array of hollow tubes. Light propagating in the core is effectively guided since scattering from the core to any other mode is effectively inhibited [5] .
An attractive feature of these negative-curvature fibers is that light can be transmitted in wavelength regions where the fiber material absorption is high, for example beyond the multiphonon absorption edge. The light is not transmitted along all wavelengths, but rather only for certain wavelength bands that satisfy loosely an anti-resonant condition [4, 6, 7] . In practice these fibers show multiple transmissions bands, with losses on the order of 1000 times lower than the intrinsic material absorption.
Previous research in silica-based anti-resonant fibers has extended the transmission of these fibers well beyond the material absorption edge (~2.5 µm), and losses less than 1 dB/m at wavelengths in the mid-infrared (2 -5 µm) have been demonstrated [8] . For fibers targeting the long-wave infrared optical band (8 -12 µm), natural candidates would be infrared glasses of which there are many alternatives such as fluorides, tellurides and chalcogenides. Previous work in chalcogenide-based anti-resonant fibers has demonstrated transmissions losses on the order of 11 dB/m around the CO 2 laser band [9] .
All previous work on negative-curvature anti-resonant fibers has focused on "tube-lattice" type fibers, where the fiber is composed of an array of hollow tubes surrounding a center hollow core. This has been the case not only for experimental work but also, surprisingly, for theoretical work. The enormous success of fabrication methods for photonics crystal and Kagome silica fibers may explain this emphasis. These fibers are normally fabricated through a "stack-and-draw" method where a series of tubes is assembled in a geometrical shape, fused and then drawn down into a fiber. Transitioning from silica to soft glasses presents extra challenges, one of which can be obtaining tubes with high manufacturing tolerances. While there are researchers attempting to address the challenges of making the tubes in soft glasses [10] , we propose the use of an extrusion method to fabricate these fibers.
In the most common implementation, a bulk piece of soft-glass is heated close to the softening point and pushed through a die to form a preform. The preform is drawn down into a fiber in a second step, where in the glass is heated again and stretched into a fiber. Extrusion has already been used to form photonic crystal fibers in a variety of soft materials, and work in this field was been extensively reviewed in [11] . All established soft-glass systems have had demonstrations of extrusion for the formation of fiber such as silica based glasses [12] , bismuth glass and other soft glasses [13] , fluoride glass [14] , and tellurite glass [15] . The process has even been used to make multiple material soft-glass fibers such as multiple compositions borosilicate glasses [16] , multiple chalcogenide compositions [17] [18] [19] , and multimaterial chalcogenide and polymers [20] .
In this paper we take advantage of the ability to process a soft-glass at low temperatures to extrude the preform for a negative curvature fiber directly, a process that is significantly less labor intensity than stacking multiple tubes and bonding them. We show that this approach not only works for making a fiber displaying anti-resonance guiding but that the transmission along this fiber exceeds all previously reported values.
Fabrication method
We chose to fabricate our fibers using arsenic sulfide glass due to its high transmission in the mid-infrared range and stability to crystallization, as well as being a well-established material composition for infrared fibers [11, 21] . Theoretical estimates for the losses expected for As 2 S 3 negative curvature fibers are on the order of 10 −3 dB/m for mid-infrared wavelengths and 1 dB/m for longwave infrared wavelengths [9, 10, 22] .
The glass was formed from commercial precursors which were purified in controlled atmospheric environments to minimize impurities that contribute to high fiber loss. The high purity precursors are mixed and sealed in evacuated quartz ampoules and melted and quenched to form glasses. Typical melt temperatures for the glasses used were approximately 750°C. The liquids are quenched and the glass rods annealed at temperatures around the softening temperatures ~200 °C.
In order to confirm that the extrusion method could be used to make a high enough quality surface for the fabrication of a negative curvature fiber, we selected an eight ring design similar to the one already demonstrated through stack and draw in silica [8] . The die was fabricated to have a preform of 19.5 mm outer dimension and rings with 3.84 mm outer diameter and 0.46 mm wall thickness.
Extrusions were performed with a custom-designed vertical glass extruder using a 25-mm diameter stainless steel ram and sleeve with no additional sleeve lining. The extruder exit end is equipped with a three-jaw chuck on a motorized slide to allow for positive control of draw speed as the extrusion length and weight increases. Glass samples that were approximately 24.8 mm diameter x 53 mm long were placed inside the stainless sleeve. Extrusions were performed at a die exit temperature of 371 °C, while ram speed and extrusion draw speed were maintained at 0.6 mm/min and 3.15 mm/min respectively. Under these conditions a steady state ram load of approximately 135 kg was obtained during the extrusion process. Preforms produced by this method proved to be highly symmetric with well-defined features. The resulting preform had dimensions of 18 mm outer diameter by ~135 mm length. Figure 1 shows the preform produced by the extrusion process after being cut to length to remove any portion of the ends with irregularities, tapering or closed holes. However, the extruded preform end-face still shows that small variations among internal tubes. Control over the inner tube dimensions will be accomplished in the fiber draw by controlling the relative pressure in all openings of the preform. On one end of the preform, a fluoropolymer tube was inserted in the "core" center opening and epoxied to the preform. This was performed while ensuring none of the inner tubes opening were closed. A glass-tube, threeway valve was attached to the preform to connect all the inner apertures simultaneously, and the center opening separately. This arrangement allowed for the eight inner tubes to be pressurized while the central region was kept at atmospheric pressure. The glass was heated to approximately 290 °C and drawn to fiber. The pressure applied to the either inner tube pressured was varied along in the fiber draw in 5 mBar increments from 30 to 60 mBar using He gas. Figure 2 shows the evolution of the fiber holes as a function of pressure. At a pressure of 35 mBar initial expansion of the inner tubes began to occur with maximum expansion without the tubes coming into contact with each other occurring at ~40mBar. Figure 3(a) shows a confocal microscope image of the end face of drawn fiber. The roughness observed in the image is solely caused by the cleaving of the fiber. The fiber was mechanically strong even without any polymer coating, emphasizing the high stability of As 2 S 3 glass to crystallization. As can be observed in Fig. 3(a) , the fiber is not perfectly symmetric, displaying some variance on the dimensions of the outer diameter tubes, gaps and thickness. Table 1 summarizes the average dimensions and the standard deviations. Table 1 . 
Fiber characterization
Fiber transmission losses for wavelengths across the infrared region were determined by the cut-back method. A nitrogen purged Fourier-transform infrared spectrometer was used to measure the losses. Figure 4 shows the loss in dB/m for the fiber shown in Fig. 3 . Light was coupled into the fiber with a 25.4 cm radius of curvature gold coated elliptical mirror and collected into a liquid nitrogen cooled detector with 25.4 radius of curvature gold coated elliptical mirror. The large peak around 4 µm is associated with the intrinsic absorption of H-S and is expected from an unpurified glass. For comparison the transmission edges for a standard As 2 S 3 are plotted as red dashed lines in the chart. The fiber transmission in the 2 -5 µm window (MWIR) while being on the same order of magnitude as a that of a solid-core chalcogenide fibers is about 3 times higher, while in the 8 -12 µm (LWIR) range a transmission window in the 9.5 -11.5 µm range is clearly observed. In this LWIR range the losses reach a minimum of 2.1 dB/m at 10.0 µm. This is significantly below the measured transmission loss for a bulk piece of As 2 S 3 which is on the order of 380 dB/m [23] . As a reference, Fig. 4b shows the measured transmission loss of our fiber in the 8 -12 µm compared to other chalcogenide anti-resonant fibers in this range. Fig. 3 , (green dotted line) Bulk As 2 S 3 transmission according to [23] . (b) Comparison of transmission loss for extruded fiber (solid line), bulk As 2 S 3 transmission according to [23] (green dotted line), chalcogenide glass negative curvature fiber from [9] (red dashed line), typical GeAsSeTe solid core fiber drawn at NRL (yellow dashed line), hollow core ommniguide fiber [24] (square dot) and (black dashed-dotted line) calculated transmission.
Once the LWIR transmission windows were determined, a quantum cascade laser was used to test the transmission around the LWIR transmission band. A 25.4 mm focal length lens was used to couple the free-space beam from a tunable quantum cascade laser into a 2-m long fiber piece. The output mode was measured with a pyroelectric camera. Figure 5 shows the output beam at 9.8 µm wavelength.
The same setup was used to measure the output numerical aperture of the fiber. A series of images were taken for increasing distances from the fiber and the beam divergence was fit as a function of the distance to determine the numerical aperture. The numerical aperture at 9.2 µm wavelength was determined to be 0.036 and 0.027 for the radial and azimuthal axis respectively. These values are on the order of half the numerical aperture of the input imaging system. 
Numerical calculation for fiber
As shown in Fig. 3 , the resulting fiber structure is not a series of perfectly matched tubes, but in reality it presents fluctuations in sizes and thicknesses of the tubes. A perfectly symmetric set of tubes with various tube thickness were simulated and the losses for the HE 11 mode were determined from the imaginary part of the refractive index. The fiber outer clad was surrounded by a perfectly matched layer outside the fiber to simulate confinement loss. The finite-element mesh had six elements per wavelength in the air regions and 16 elements per wavelength in the As 2 S 3 regions. The best match for the LWIR transmission band was obtained for a tube of 6.4 µm thickness and the resulting transmission bands are shown in Fig.  4b as dashed-dotted lines.
Discussion
The use of a soft-glass such as the sulfide-based chalcogenide glass presented in this work is particularly important for the LWIR optical band. Research has mainly focused in antiresonant silica fibers, demonstrating that light can be transmitted with acceptable losses in an optical window beyond the materials intrinsic absorption limit such as MWIR light transmission with < 1 dB/m loss [8] . Research in anti-resonant sulfide-based fibers based on stack and draw, already demonstrated losses of 11 dB/m near the 9.5 µm CO 2 line [9] . Here we demonstrate that we can make use of both advantages of the soft glass, the improved transmission in the infrared and the flexibility in fabricating through extrusion. However, this is accomplished with no transmission penalty as the measured loss in the LWIR (near the CO 2 lines) is actually the lowest transmission loss ever recorded for a negative curvature in this range.
Moreover, the measured transmission loss has been determined through a cut-back method with an FTIR. As has been acknowledged by other researchers [10] , this does not properly reflect the losses of the fiber in a realistic use scenario. The FTIR light excitation will excite many other modes beyond the fundamental HE 11 low loss mode, and therefore the measured loss only represents an upper bound for the transmission loss. Lower loss is expected for light excitation at the proper numerical aperture, for a mode matched mode.
A limitation of the current work has been the accuracy with which we could fabricate the final structure. For stack-and-draw fabricated structures, there is an established commercial base from which one can secure tubes with tight tolerances (for silica), and the same is slowly becoming true for soft glasses with an increasing number of vendors entering the field. However, the tube must still be bonded to the outer jacket, something that can be challenging for materials with sharp viscosity curves as is the case for soft glasses. Extruding a preform from a soft glass immediately bypasses this limitation. In our work, although the fiber displays anti-resonant transmission bands, the fiber did have a large variance in the features. We have recently reported on the increased loss expected for variations in the thickness and gap spacing in anti-resonant fibers [22] , and believe that losses for fibers made beyond this initial demonstration should be significantly lower.
As expected fabrication imperfections manifest themselves as increased losses for the fibers [22] . The current theoretical modeling approximates the experimentally observed losses, displaying the LWIR transmission window around 10 µm. The agreement remains qualitative, with the theoretical losses being about two orders of magnitude lower. This result is consistent with the expectation that the presence of imperfections will lead to "blurring" of the transmission bands as described in [22] .
Conclusion
All negative curvature fibers that have been fabricated to date use a set of tubes that are manually assembled into a preform and then drawn into a fiber. This approach, besides being time-consuming and labor intensive, is strongly restricts the configurations that can be fabricated. The use of extrusion for the fabrication of negative curvature anti-resonant fibers enables a vast new range of structures to be studied. As we show, this method can be used to make current "tube-like" fibers with record low losses, which should be a strong motivation for the broader theoretical community to think beyond the current designs of these fibers.
